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ABSTRACT 


After  a  brief  discussion  of  some  of  the  common  methods  of  measuring  fre- 
quencies from  0  to  200  cycles,  a  method  is  described  which  offers  important 
advantages,  combining  a  high  degree  of  accuracy  with  ease  and  rapidity  of  use. 
The  method  depends  on  the  fact  that  if  a  condenser  be  discharged  through  a  resist- 
ance n  times  per  second  (the  condenser  being  charged  to  the  same  initial  voltage 
each  time),  then  the  average  voltage  drop  across  the  discharging  resistance  is 
directly  proportional  to  n.  The  unknown  frequency  is  made  to  control  the 
number  of  times  per  second  the  condenser  is  discharged,  and  thus  the  voltage 
drop  mentioned  above  is  proportional  to  the  unknown  frequency.  A  circuit 
arrangement  is  described  whereby  this  voltage  drop  is  balanced  through  a  sensi- 
tive galvanometer  and  high  resistance,  against  a  known  fraction  of  the  total  volt- 
age drop  along  a  slide-wire  resistance  shunted  around  a  storage  cell.  By  first 
calibrating  the  system  with  an  alternating  current  of  known  frequency,  it  is 
possible  to  reafd  unknown  frequencies  directly  off  the  slide  wire. 

A  discussion  of  the  sources  of  error  and  experimental  determinations  of  the 
error  actually  observed,  lead  to  the  conclusion  that,  in  the  range  from  5  to  200 
cycles  per  second,  the  accuracy  is  always  better  than  one-tenth  cycle. 
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I.  INTRODUCTION 

During  the  course  of  the  work  carried  on  by  the  Bureau  of  Stand- 
ards in  the  development  of  secondary  standards  of  frequency,  it  is 
necessary  to  make  daily  measurements  of  the  beat  frequencies  be- 
tween various  piezo  oscillators  used  as  secondary  standards.  As  some 
of  these  secondary  standard  piezo  oscillators  do  not  vary  in  frequency 
from  day  to  day  by  more  than  a  few  tenths  of  a  cycle  per  second,  the 
method  of  measuring  the  beat  frequencies  should  be  accurate  to 
better  than  a  tenth  of  a  cycle  per  second.  The  frequency  range  of 
the  beat  notes  to  be  measured  is  usually  from  0  to  about  100  cycles 
per  second. 

One  method  of  measurement  used  is  to  record  the  beat  frequency 
photographically  on  an  oscillograph,  at  the  same  time  impressing 
second  signals  on  the  record  from  a  standard  clock.  As  the  con- 
stancy of  the  piezo  oscillators  improved,  however,  it  became  apparent 
{that  this  method  required  too  much  time  to  be  practicable.  In  order 
to  obtain  an  accurate  record  by  this  means,  it  is  necessary  to  let  each 
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exposure  run  for  about  20  seconds.  This  gives  a  record  which  is  very 
arduous  to  count,  and  the  number  of  measurements  to  be  made  is 
such  that  the  complete  process  of  inter  comparing  all  the  piezo  oscilla- 
tors and  reducing  the  results  occupies  too  much  time. 

II.  EARLY  WORK 

Consideration  was  given  to  the  possibility  of  using  a  direct-reading 
frequency  bridge,  special  consideration  being  given  to  the  modified 
form  of  Hay's  bridge,  as  described  by  Soucy  and  Bayly.1  This 
arrangement  was  not  found  to  be  entirely  suitable  for  the  purpose, 
however,  for  two  reasons:  (1)  In  order  to  secure  adequate  sensitivity 
in  the  region  of  very  low  frequencies  used,  it  would  be  necessary  to 
use  an  unreasonably  large  air-core  inductance,  and  (2)  as  an  aural 
balance  would  not  be  sufficiently  accurate,  because  of  the  low  sensi- 
tivity of  the  ear  at  these  frequencies,  it  would  be  necessary  to  use  a 
tuned  vibration  galvanometer,  which  is  not  considered  practicable  in 
view  of  the  wide  range  over  which  it  would  have  to  be  tuned. 

The  arrangement  presented  in  this  paper  is  an  outgrowth  of  a 
system  originally  described  by  Maxwell 2  for  rough  measurements  of 

capacity.  Figure  1  is  a  circuit  dia- 
gram of  the  arrangement  as  altered 
by  Fleming  and  Clinton.3  The 
alternating  current,  the  frequency 
of  which  is  to  be  determined,  is  fed 
into  a  polarized  relay  at  A.  On 
one-half  of  each  cycle  the  contactor 
is  drawn  to  contact  1 ,  charging  the 

T  condenser   to   the   voltage   of   the 
^____ J      battery.      On   the    other    half   of 

each  cycle,  the  contactor  moves  to 
contact  2,  discharging  the  con- 
denser through  the  mmiammeter. 
Obviously,  as  long  as  the  time 
constants  of  the  circuits  are  kept 
low  enough  so  that  charge  and  discharge  are  complete  within  the 
limits  of  error  of  the  measurement,  the  quantity  of  electricity  which 
passes  through  the  milliammeter  in  a  given  time  interval  depends 
solely  on  the  number  of  times  the  condenser  is  discharged  in  that  in- 
terval, and,  hence,  on  the  frequency  of  the  alternating  current  applied 
to  the  polarized  relay.  Therefore,  the  reading  of  the  milliammeter 
is  directly  proportional  to  the  frequency.  In  practice,  of  course,  the 
instrument  has  to  be  calibrated  by  applying  a  known  frequency,  say, 
100  cycles  per  second,  to  the  polarized  relay,  and  then  adjusting  the 
battery  voltage  and  the  capacity  until  the  meter  reads  100.  Then 
if  some  other  frequency  is  applied  to  the  relay,  the  milliammeter  read- 
ing will  give  the  frequency  directly.  The  accuracy,  however,  is  only 
of  the  order  of  1  per  cent  of  the  full-scale  reading  of  the  milliam- 
meter, which,  while  sufficient  for  many  laboratory  purposes,  was  not 
great  enough  for  the  measurements  required  . 

1  Soucy  and  Bayly,  A  Direcl  Reading  Frequency  Bridge  for  the  Audio  Range,  Based  on  Hay's  Bridge 
Circuit,  Proc.  1.  R.  E.,  17,  p.  834;  May,  1929. 

2  Maxwell,  Electricity  and  Magnetism,  sec.  775,  vol.  II. 

3  Fleming  and  Clinton,  On  the  Measurement  of  Small  Capacities  and  Inductances,  Proc.  Phys.  Soc. 
London,  18,  p.  886.    Sec  also  F.  A.  Laws,  Electrical  Measurements,  p,  373;  1917. 


Figure  1. — Circuit  arrangement  for 
measuring  frequency  by  means  of  de- 
flection discharge  of  a  condenser 
through  a  milliammeter 
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It  was  recognized  that  the  sensitivity  of  the  above  arrangement 
could  be  made  ampfy  sufficient  by  converting  it  to  a  null  method  and 
using  a  sentitive  galvanometer.  It  was  desirable  also  to  have  the 
readings  directly  in  frequency.  The  circuit  arrangement  finally  used 
is  shown  in  Figure  2.  The  voltage  divider  S  is  a  slide-wire,  with  a 
thousand  divisions  on  the  scale,  and  accurate  to  the  nearest  quarter 
division  at  any  point  on  the  scale.  The  voltage  is  measured  across 
the  resistance  R,  through  which  the  condenser  C  discharges.  The 
resistance  r  is  inserted  to  serve  a  double  purpose;  to  keep  the  gal- 
vanometer from  being  greatly  overdamped,  since  R  and  S  are  both  of 
low  resistance;  and,  more  important,  to  limit  the  current  that  is 
drawn  from  the  slide-wire.  At  first  sight  this  appears  to  be  an 
anomalous  condition,  since  the  adjustment  is  made  to  give  zero  read- 
ing on  the  galvanometer,  but  it  must  be  remembered  that  a  continu- 
ous voltage  is  being  balanced  against  the  average  value  of  a  pulsating 
voltage.  This  pulsating  voltage  is  relatively  very  high  during  a  very 
short  part  of  the  pulsation  period,  and  is  practically  zero  for  most  of 
the  period.  Therefore,  there  is  only  one  instant  during  each  pulsa- 
tion when  the  galvanometer  current  is  actually  zero. 


Figure  2. — Schematic  diagram  of  circuit  arrangement  used  for  measuring  low 

frequencies 

The  galvanometer  current  is  limited  to  a  small  value,  since  the 
resistance  r  (fig.  2)  must  be  large  for  the  settings  of  Sl  to  be  correct. 
In  order  that  a  small  variation  in  $i  may  give  an  appreciable  deflec- 
tion, a  high-sensitivity  galvanometer  must  be  used.  As  the  accuracy 
of  calibration  of  the  slidewire  is  about  2){  parts  in  10,000,  the  resist- 
ance r  should  be  of  such  a  value  that  the  resistance  of  S  is  not  greater 
than  0.00025  of  r.  As  $  is  7%  ohms,  it  follows  that  r  should  be  at 
least  30,000  ohms.  A  resistance  of  50,000  ohms  was  used,  as  that  size 
happened  to  be  available,  and  the  galvanometer  was  of  ample  sensi- 
tivity. A  damping  shunt  was  affixed  to  the  galvanometer  and  ad- 
justed so  that  the  instrument  was  not  quite  critically  damped. 

The  resistance  R  is  low  enough  in  comparison  with  r  so  that  the 
variations  in  the  voltage  of  the  point  E,  as  the  slider  is  moved  from 
one  end  of  S  to  the  other  (the  relay  being  open  circuited),  are  negligible 
compared  to  the  voltage  of  the  battery  D.  If  this  condition  is  not 
fulfilled,  the  condenser  will  discharge  to  varying  voltages,  depending 
on  the  setting  of  S,  and  the  reading  of  the  latter  will  not  be  linear  with 
the  frequency  of  the  discharge.  A  resistance  of  about  100  ohms  was 
used  for  R,  and  a  capacity  of  about  2  juf  for  C.  Both  are  adjustable 
in  small  steps,  although  it  would  be  sufficient  if  either  one  were  so 
adjustable,  in  order  to  get  a  balance  for  the  initial  setting.     The 
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resistance  Wis  inserted  to  limit  the  initial  charging  current,  and  is  not 
critical  in  value. 

Values  of  circuit  constants  as  used  by  the  Bureau  of  Standards  are 
as  follows : 

D=  90  volts  r—  50,000  ohms. 

W  =  100  ohms.  S=  7.5  ohms. 

tf=  2.111  fit  B  =  2  volts. 
R=100  ohms. 

The  galvanometer  has  a  sensitivity  of  about  10,000  megohms,  and  a 
resistance  of  about  600  ohms. 

IV.  THEORY 

If  the  circuit  conditions  noted  above,  namely,  R  and  S  small  com- 
pared to  r,  are  complied  with,  the  approximate  theory  becomes  very 
simple.  Referring  to  Figure  2  the  moving  contact  of  the  relay  F  is 
closed  in  position  1  and  2,  respectively,  for  sufficient  time  so  that  com- 
plete charge  and  discharge  of  condenser  C  is  obtained.  The  charge  # 
on  (7  is 

q_  =  Ce  (1) 

where  e  is  the  voltage  of  battery  D. 

When  C  discharges,  the  current  takes  two  paths,  one  through  R 
and  the  other  through  the  galvanometer  G.  If  r  is  so  large  that  all 
the  other  resistances  in  the  galvanometer  circuit  can  be  neglected, 
then  the  portion  of  the  charge  qs  which  flows  through  the  galvan- 
ometer is 

If  there  are/  discharges  per  second,  then  the  quantity  per  second  is 

fa.-JC*i&rr  (3) 

The  steady  current  through  the  galvanometer  from  the  battery  B, 
assuming  r  large  with  respect  to  S,  is 

.     St    E 

%0~  S  R  +  r  W 

where  E  is  the  voltage  of  the  battery  B.  The  adjustment  is  made 
such  that  the  effect  of  the  current  ig  on  the  galvanometer  is  equal  and 
opposite  to  the  integrated  effect  of  the  pulsating  current  fq0.  There- 
fore, equating  equations  (3)  and  (4) 

*»&riijvrr  (5) 

However,  it  is  possible  that  the  galvanometer  may  not  integrate 
the  pulses  of  current  from  the  condenser  properly,  and,  hence,  may 
not  read  zero,  even  though  equation  (5)  is  satisfied.  This  condition 
is  brought  about  by  either  of  two  causes:  (1)  The  magnetic  field  at  the 
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galvanometer  coil  may  not  be  constant,  and  (2)  the  coil  itself  may  con- 
tain magnetic  impurities.4 

An  experimental  method  used  by  Curtis  and  Moon  to  determine 
whether  or  not  a  given  galvanometer  integrates  correctly  is  illustrated 
by  the  circuit  of  Figure  3.  Care  should  be  used  with  this  arrangement 
in  order  to  avoid  damaging  the  galvanometer,  especially  if  it  is  one  of 
high  sensitivity.  The  voltage  of  the  battery  should  be  small,  the 
capacity  of  the  condenser  likewise  small,  and  the  resistances  should  be 
high  enough  to  limit  the  initial  currents  on  charge  and  discharge  to 
safe  values.  If  the  galvanometer  reads  zero  in  the  arrangement  of 
Figure  3,  it  may  be  safely  assumed  that  it  will  integrate  correctly  in 
the  frequency  measuring  network. 

V.  METHOD  OF  OPERATION 

A  tube-driven  elinvar  tuning  fork  was  available  for  calibrating  the 
slide-wire.  The  fork  frequency  was  99.98  cycles  per  second,  remaining 
constant  at  all  times  to  within  1  part  in  10,000. 

The  method  of  operation  is  extremely  simple.  The  tuning  fork 
output  is  applied  at  A  (fig.  2)  and  the  slider  on  S  set  so  that  the  scale 
reading  is  9998  (the  last  figure  being 
beyond  the  calibration,  must  be  esti- 
mated). Then  the  capacity  of  the 
condenser,  the  resistance  R,  or  both, 
are  varied  until  the  galvanometer 
reads  zero.  If,  now,  the  alternating 
current,  the  frequency  of  which  is  to 
be  measured,  is  applied  at  A,  the 
slider  of  S  is  moved  until  the  gal- 
vanometer again  reads  zero,  all  the     Fl? v™  3.— Circuit  arrangement  used 

,  i  ,       ,  '  to  determine  suitability  of  qalvanom- 

other   circuit    constants    remaimng       eter 

invariant.     The   frequency   desired 

can  then  be  read  directly  from  the  scale  of  the  slide-wire.  For  in- 
stance, if  the  setting  is  7249,  the  frequency  is  72. 49  cycles  per  second. 
If  measurements  of  high  precision  are  desired,  it  is  advisable  to 
redetermine  the  setting  for  the  standard  frequency  before  each  series 
of  measurements.  This  is  necessary  because  of  changes  in  battery 
voltages,  and  the  changes  in  resistance  and  capacity  of  the  circuit 
elements  due  to  temperature  changes.  The  battery  circuits  should  be 
closed  for  a  sufficient  length  of  time  before  measurements  are  made 
so  that  the  batteries  and  resistances  can  come  to  a  condition  of 
equilibrium. 

For  frequencies  below  five  cycles  per  second  the  individual  impulses 
to  the  galvanometer  become  objectionable  and  the  balance  point  can 
not  be  accurately  located.  However,  such  low  frequencies  can  be 
\  determined  readily  by  merely  counting  the  swings  of  the  needle  of  the 
I  millianmieter  (which  is  in  the  plate  circuit  of  the  last  tube  of  the  beat 
I  note  amplifier)  over  a  short  period  of  time.  A  stop  watch  can  be 
(conveniently  used. 

In  order  to  extend  the  range  to  higher  frequencies  it  is  only  necessary 
!  to  set  the  point  for  calibration  at  some  lower  point  of  the  slide-wire 
|and  multiply  the  scale  accordingly.     For  example,  under  the  condi- 

I      *  For  a  full  discussion  of  this  effect,  see  Curtis  and  Moon,  Absolute  Measurement  of  Capacitance  by 
Maxwell's  Method,  B.  S,  Sci.  Paper  No.  564,  p.  507,  fi. 
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tions  given  above,  if  instead  of  using  99.98  for  the  first  setting,  49.99 
is  used,  then  99.98  will  represent  200  cycles  per  second.  The  limita- 
tion is,  of  course,  in  the  frequency  to  which  the  relay  will  respond. 
The  limitation  of  the  relay  used  is  about  200  cycles  per  second. 

VI.  ACCURACY  OBTAINABLE 

Although  the  slide-wire  is  only  claimed  to  be  accurate  to  a  quarter 
of  a  division,  corresponding  to  0.025  cycle  per  second,  settings  on  a 
given  frequency  will  usually  repeat  to  0.01  cycle  per  second. 

The  linearity  of  the  scale  has  been  verified  in  two  distinct  ways. 
(1)  A  constant-speed  alternator  with  100-cycle  and  10-cycle  rotors  on 
the  same  shaft,  assuring  that  the  one  frequency  is  exactly  one-tenth 
of  the  other,  was  available.  The  slide  was  balanced  at  100  cycles  per 
second,  and  then  the  10-cycle  frequency  was  measured  in  the  regular 
manner,  the  scale  reading  obtained  was  10.02  ±  0.005  (estimated) 
cycles  per  second.  This  error  is  less  than  the  error  of  calibration  of 
the  slide-wire.  (2)  Numerous  checks  were  also  made  at  various  odd 
frequencies,  reading  the  frequency  on  the  slide,  and  recording  it  on 
the  oscillograph  at  the  same  time.  These  checks  consistently  agree 
within  0.03  cycle  per  second.  Hence  the  maximum  error  is  well 
within  0.1  cycle  per  second.  No  checks  were  made  above  100  cycles, 
since  all  measurements  desired  were  below  this  value. 

Washington,  March  8,  1930. 


